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INTRODUCTION
T he development of an autopilot is a demanding task when the aircraft dynamics is affected by various kinds of uncertainties, such as an atmospheric disturbance, a fault/failure situation, a dynamic model inaccuracy, or unmodelled characteristics. Research into the flight-control robustness to such uncertainties has progressed and developed many design approaches, including, for example, linearquadratic (LQ) methods; eigenstructure assignment (EA); slide-mode control; adaptive control, H ∞ ; µ-synthesis; and nonlinear approaches such as feedback linearization, dynamic inversion, Lyapunov methods, and so on. Generally speaking, modern robust control techniques tend to result in highly sophisticated control and decision-making algorithms, and evaluation of these different control laws can best be achieved, perhaps, through real-time simulation.
The final decision of control selection depends not only on their contribution to performance improvement, but also on their implementation and affordability (Wise, 1995) . In other
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words, flight computer and computational capabilities must be addressed for control approach selection (Chamitoff, 1993) . In this paper, we present a real-time control and simulation investigation in an aircraft-landing example, as one test case study. Extensive research work has been carried out on this example with respect to robust flight-control design and evaluation, which is summarized in Magni et al. (1997) . A brief description will also be given later in Sect. 2. The contribution of this paper focuses on control-law implementation and performance evaluation under a real-time simulation environment. The results give rise to practical considerations when evaluating and selecting the control laws. A further analysis suggests a quantitative sensitivity criterion. The purpose of this investigation is to take into account the computational capabilities in flight control applications, in an effort to bring the sophisticated design one step closer to practice.
The remainder of this paper is organized as follows. In Sect. 2, the benchmark aircraft is briefly described, followed by introduction of several control-law candidates (Sect. 3) and testing criteria (Sect. 4). In Sect. 5, the real-time simulation results are presented. Afterwards, the detailed analysis and discussions are provided in Sect. 6. Finally, the concluding remarks are offered in Sect. 7.
AN AIRCRAFT-LANDING EXAMPLE
A robust flight-control design benchmark was defined by the Group for Aeronautical Research and Technology in Europe (GARTEUR). The objective was to assess the applicability of modern robust control-design concepts to flight-control problems (GARTEUR, 1997) . One of the two benchmark models, the Research Civil Aircraft Model (RCAM), addresses the design of an autopilot for the final approach of a transport airplane, after an engine failure occurs. The control law is required to be stability robust with respect to variations in speed, weight, centre-of-gravity (CG) position, time delays, nonlinearity, engine failure, and the presence of gusts of wind. The flight mission of the landing approach is shown in Figure 1 .
The flight path is divided into four segments.
• Segment I (point 0 to point 1). Starting at an altitude of 1000 m, a level flight is to be maintained with a constant airspeed of 80 m/s. During this level flight, an engine failure occurs at point a and the engine restarts at point b.
• Segment II (point 1 to point 2). This segment consists of a commanded-coordinated turn from point c to point d to maintain the constant speed and the lateral acceleration close to zero.
• Segment III (point 2 to point 3). The descent phase starts with a γ = -6°approach at point e, and a descent with γ = -3°at point f.
• Segment IV (point 3 to point 4). The glide slope of γ = -3°is to be maintained during a wind shear between points g and h.
This benchmark aircraft model and its landing approach was deemed ideal for our investigation, since its complexity poses a reasonable challenge for control implementation and real-time simulation. 
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CONTROLLER IMPLEMENTATION
Three different robust flight control techniques were chosen to implement for real-time control and simulation. Each of these controllers originally was the design submission to the GARTEUER RCAM challenge. These three design approaches are the normalized coprime factorization method with loop shaping (NCFLS) (GARTEUR, 1995) ; the eigenstructure assignment (EA) (de la Cruz et al., 1997); and the Lyapunov method (LYA) (Daafouz et al., 1997) . The controller is divided into longitudinal and lateral components that are treated separately. Each is broken down further into inner and outer loops. The purpose of the inner loop is to stabilize and augment the handling qualities of the aircraft while the outer loop guides the aircraft along the generated trajectory. It is also assumed that all signals are perfect.
Take the NCFLS controller as an example. The longitudinal channel consists of four states (q, θ, u B , w B ), two inputs (δ e and δ TH ), and three outputs (q, V, and w V ). The measurement (feedback) signals used by the longitudinal inner loop are: pitch rate, velocity, and vertical velocity. The outer loop is responsible for altitude tracking and thus uses altitude as its feedback signal. The lateral controller is designed in a similar fashion to the longitudinal one. The lateral controller consists of five states (p, r, φ, ψ, and v B ), two inputs (δ A and δ R ), and six outputs (β, p, r, φ, and v V ). The lateral inner loop makes use of the roll angle and the sideslip angle as feedback signals while the outer loop uses a sideslip integrator for reducing sideslip during asymmetric flight cases (e.g., engine 1 failure).
Implementation of the controllers involves re-modelling the RCAM model into a modular graphical block diagram structure, developed on the Matlab/Simulink and RT_Lab, a real-time simulation platform (Opal-RT, 2000) . Detailed modelling efforts are reported in Harman and Liu (2002a) . Further, implementation of the EA controller are presented in Harman and Liu (2002b) . Figures 2 and 3 show the Simulink block diagram structure of the longitudinal and lateral NCFLS controller, respectively. The overall system block diagram is shown in Figure 4. 
TEST CRITERIA
The designed controller is to be evaluated by the following criteria to "obtain an objective comparison between completely different controllers" at each phase: P, performance; S, safety; Q, quality; C, control; and R, robustness. Further, four (4) different test cases are considered to represent variations: (i) the nominal case; (ii) the CG fwd case where the horizontal centre of gravity has been shifted to the most forward position; (iii) the CG aft case where the CG is shifted to the most afterward position; and (iv) the time-delay case where the flight is executed with a nominal centre of gravity and a time delay of 100 ms. In this paper, values of criteria P, Q, C, and S are taken as the average of the four-test-case results, while the stability robustness R algorithm is calculated based on all four test cases, unless otherwise specified.
Quantitative evaluation criteria for each Segment was originally reported in GARTEUR (1997) and also presented in Harman and Liu (2002b) with modification. For completeness, the criteria for each segment are presented in the Appendix. According to the calculation formula, the smaller the values are, the better the performance they represent.
REAL-TIME SIMULATION RESULTS
The real-time simulation was conducted on a real-time systems simulator (RTSS), at the Laboratory of Flight Systems and Control, the University of Toronto Institute for Aerospace Studies (FSC-UTIAS). The RTSS consists of a networked cluster of high-end commercial off-the-shelf (COTS) real-time computers with hardware-in-the-loop capabilities, and is suitable for our proposed distributed and real-time simulation of the benchmark aircraft model (Liu, 2001) . The current equipment setup is depicted in Figure 5 .
Detailed real-time simulation results for using the EA controller are reported in Harman and Liu (2002b) . In this paper, we first present the simulation results for using the NCFLS controller, then a complete list of simulation results from all three controllers is presented.
NCFLS Controller Results
The controller implemented here is the NCFLS-designed control law. The real-time simulation is conducted on the RTSS with a sampling time of 0.01 s.
Segment I defines a lateral deviation boundary of 20 m to account for the effect of turbulence, and a boundary of 100 m during engine failure. The real-time simulation result in Figure 6 , shows that the NCFLS controller is unable to maintain the aircraft within the specified lateral deviation boundaries during the engine failure and restart. While this implies that a re-design of the controller is necessary, using alternative design methods (Harman and Liu, 2002b) , this substandard controller configuration will be retained for the rest of this paper for comparison purposes. never exceeds the maximum value of 20 m and at the end of Segment III the deviation is close to zero.
During the final approach, as shown in Figures 11 and 12 for Segment IV, a maximum deviation of 20 m should not be exceeded, and at its end a maximum deviation of 1.5 m is taken into account. It can be seen that the trajectories of the model fall inside the bounds during the entire segment. The rest of the specifications are also fulfilled.
The robustness criterion for each segment sets the limits of maximal allowable deviations and the limit at the end of each segment, under all four test cases representing different kinds of variations. The numerical measures of evaluation of all four segments are listed in Table 1 .
Complete Results of All Three Controllers
The complete real-time simulation results, of all three controllers (i.e., NCFLS-, EA-, and LYA-designed control laws) are listed in Table 2 . The simulator keeps the same 100 Hz rate for all three candidates. The values are taken as an average of all four test cases, except for the stability robustness R. Tables 3-6 . At the nominal configuration, the differences between RT and NRT results are negligible. The values for the maximum-time-delay configuration do exhibit some minor differences. However, it is worth pointing out the differences in the numerical treatment of NRT and RT simulations. NRT simulations perform calculation after calculation, with no regard for time constraints, at the fastest speed available until the simulation is complete. In RT, the incorporation of hardtime constraints express how critical every fraction of a second is. By incorporating a time delay between the controller outputs and actuator inputs, in RT, certain instances of data logging could be delayed or ultimately omitted if not performed within the FSS. Whereas in NRT, no concern for time constraints ensures that all events take place and are logged in sequence.
EVALUATION ANALYSIS
NRT versus RT of NCFLS Controller
In summary, we conclude that for one controller (the NCFLS controller in this example), the numerical values of the evaluation measures are not significantly different for the nonreal-time versus the real-time implementation. These minor differences indicate that he sampling rate and time-delay effects that are implemented differently in the real-time versus non-real-time simulation and the computational approaches used in the real-time implementation of this controller to meet the hard-time requirements are acceptable.
Evaluation of Three Controllers
The most interesting observation, out of our real-time control and simulation investigation, is the sensitivity of the controller implementation to the testing criteria preservation. At the previous subsection, the relative error between NRT and RT results is formulated as the deviation between the two
When this formula is applied to all the test results of the three controllers, we found that the NCFLS controller committed an average deviation of 1.7005%, the LYA controller accounted for a 1.369% deviation, however, the EA controller ended up with a 4.535% deviation.
Further, we came up with a rating scheme to compare criteria values obtained from different controllers. For each criterion, we normalize the maximum value of the three results giving it a value of 1, and the other two are given a relative ratio. For example, in the criterion of P 1 of Table 2 , the maximum value of max (0.7898, 0.0768, 0.1754) is achieved when the NCFLS controller is applied. As a result, the rating of the NCFLS controller on P 1 is 1.0, the rating of the EA controller is 0.0768/0.7898 = 0.10, and the rating of the LYA controller becomes 0.22. Taking the total of all the ratings that each controller received from all evaluation criteria, we find the rating of the NCFLS controller is 15.55, the rating of the EA controller is 9.34, and the rating of the LYA controller is 14.71. Assuming that the smaller the value of the criteria the better the performance, the conclusion seems to be consistent with the NRT comparison, where the EA controller delivers the best result. On the other hand, however, if we compare the ratings of all three controllers from their NRT results, we found that the EA controller is much more sensitive to the real-time implementation than the other two, as shown in Table 7 .
In summary, we conclude that even though the EA controller still delivers better results than the other two, both in NRT and RT cases, one needs to consider the sensitivity before final selection is made. Our simulation results suggest the possibility that a controller is designed to satisfaction in the NRT environment, but the performance may degrade when it is implemented for a real-time application. Further, its sensitivity to the sampling-rate, time delay may cause serious concerns. It gives rise to some practical considerations at the implementation stage of sophisticated control laws.
CONCLUSIONS
Robust flight-control techniques often result in sophisticated control laws. Their promising features need to be evaluated in a real-time simulation. The controller implementation and realtime simulation investigation on a benchmark aircraft on its landing approach, presented in this paper, demonstrated that design and evaluation must be addressed, taking into account the computational capabilities. The sensitivity study gives rise to practical considerations before the control law is adopted for implementation and application. The overall evaluation of the control techniques must be conducted in both non-real-time and real-time simulations. A quantitative rating criterion may serve as a valuable tool for the sensitivity study.
The sensitivity itself, in RT simulation, may be affected by several factors, such as the sampling rate, time delay, complexity of the control laws, the method of modelling, and the efficiency of the algorithms. That leaves a possible topic for future study. Further, it would be worthwhile studying digitalcontrol design to account for implementation directly. It is an on-going effort at our research group. Findings and results may be reported in the future. the limit of maximal allowable deviations and the limit at the end of this segment. where e yb (t) denotes the lateral deviation in body coordinates.
A.2. Segment II
The performance criterion defines the maximum lateral deviation of 200 m due to the turn and the lateral deviation of 20 m at the end of the segment. The quality criterion considers the maximum lateral acceleration of 0.02g. The safety criterion sets the limit of the maximum angle of attack α of 12°. The control criterion concerns the rudder and aileron actuator effort. The robustness criterion sets the limit of maximal allowable lateral deviations with perturbed centre of gravity and time delays. 
